Objective: To determine if altered tryptophan (Trp) metabolism is associated with MS risk or disease severity in children. Methods: Participants with pediatric-onset MS and clinically isolated syndrome (CIS) within 4 years of disease onset and healthy controls underwent collection of serum. Longitudinal disability and processing speed measures and relapse data were collected in cases. Global metabolomics were conducted in 69/67 cases/controls. Targeted Trp measurement was performed in a discovery group (82 cases, 50 controls) and a validation group (92 cases, 50 controls), while functional gut microbiome analysis was done in 17 cases. Adjusted logistic, linear and negative binomial regression and Cox-proportional hazard models were used. Results: Using global metabolomics data, higher relative abundances of Trp and indole lactate, a known gut microbiota-derived Trp metabolite, were associated with lower risk of MS. In cases, higher relative abundances of gut microbiota-derived Trp metabolites were associated with lower disability and higher processing speed scores and higher relative abundance of kynurenine was associated with higher relapse rate. Using targeted tryptophan measures, in the discovery and validation groups, each 1 mcg/mL increase in serum Trp level was associated with 20% (95% CI: 4-34%) and 32% (95% CI: 16-44%) decrease in adjusted odds of having MS, respectively. A lower relative abundance of gut microbial genes involved in Trp catabolism was associated with higher relapse risk. Interpretation: Trp metabolism by the gut microbiota and the kynurenine pathway may be relevant to the risk of MS in children as well as MS activity and severity.
Introduction
Multiple sclerosis (MS) is an inflammatory and degenerative disease of the central nervous system (CNS). While the causes of MS remain unclear and even less is known as to what might trigger MS relapses, [1] [2] [3] [4] [5] both genetic and environmental exposures are thought to contribute. 6 Diet may influence the risk of both disease onset and activity, although findings have been mixed. 6 For example, dietary salt intake has been studied as a possible contributing factor to disease onset and subsequent disease activity with conflicting results. [7] [8] [9] [10] In addition, lower iron intake (but not other dietary factors) were associated with increased risk of pediatric MS, while higher saturated fat and vegetable intake were associated with increased and decreased relapse risk, respectively. 11, 12 Although prevention of relapses is an important treatment outcome, preservation of cognitive and physical functioning in patients with MS are also important goals. However, our understanding of environmental and dietary factors that affect cognitive and physical disability outcomes is even more limited.
Tryptophan (Trp), an essential amino acid, and its metabolites have recently been reported to affect the immune response in MS and in an animal model of MS, experimental autoimmune encephalomyelitis (EAE). This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
receptor (AHR) on glial cells. 13, 14 Interestingly, these Trp metabolites are produced by intestinal bacteria and this may affect the risk of MS. 15 On the other hand, some endogenous Trp metabolites (for example those produced in the kynurenine pathway) have pro-inflammatory and neurotoxic properties and may be associated with worse neurodegeneration in MS. 16 Pediatric MS, while relatively rare, represents a unique opportunity to investigate risk factors for disease onset and course, by leveraging a possibly higher genetic and environmental exposure burden for susceptibility and a higher relapse rate compared to adults with the disease. 17 The goal of this study was to determine if alterations in Trp metabolic pathways are associated with the risk of MS onset and disease course and severity in pediatric MS.
Methods

Study participants
An overview of the study design is depicted in Figure 1 . We first performed non-targeted metabolomics, assessing tryptophan and its endogenous and exogenous metabolites in a group of cases and controls (metabolomics set). Those analyses guided further studies using targeted Trp measurement in two larger discovery (TRP1) and replication (TRP2) cohorts. Non-targeted metabolomics is the comprehensive analysis of all metabolites in a sample (including the unknown chemicals) and provides the opportunity for discovering new targets and generating hypotheses. Targeted metabolomics, as its name implies, is the measurement of predefined and chemically characterized metabolites. All MS cases were recruited at the University of California, San Francisco (UCSF) Pediatric MS Center. Cases in the global metabolomics cohort (metabolomics set) were randomly chosen from one of these cohorts: (1) pediatric MS or clinically isolated syndrome (CIS) patients who were evaluated at UCSF Pediatric MS clinic from January 2006 to November 2011 and were enrolled in a prospective cohort study (with average follow-up time of 2.8 years) or (2) pediatric MS or CIS patients who were part of a multicenter case-control study of genetic and environmental risk factors in pediatric MS whose demographic and clinical data, including prospective relapse information were collected from November 2011 up until February 2016 (with average follow-up time of 3.6 years) (R01NS071463, PI Waubant). For both groups, patients with relapsing-remitting MS or CIS suggestive of MS (at least 2 silent T2-bright foci on MRI) occurring before age 18 years and seen within 4 years of symptom onset 19, 20 were eligible for inclusion. Case status was confirmed by a pediatric MS specialist panel. Patients provided blood samples at the time of recruitment in the study; a subset also provided a stool sample. For targeted Trp analyses (TRP1 and TRP2 sets) all cases enrolled at UCSF in both the cohort and multicenter case-control studies for whom serum was available were included.
For both the global metabolomics (metabolomics set) and targeted tryptophan discovery and replication sets (TRP1 and TRP2), control subjects were chosen randomly, without replacement, from a larger pool of controls enrolled at UCSF as part of the multicenter casecontrol study of genetic and environmental risk factors in pediatric MS (R01NS071463, PI Waubant). Control subjects were recruited at general or specialty pediatric clinics and fulfilled the following eligibility criteria: age less than 22 years, absence of autoimmune disorders except eczema or asthma, no previous history of severe health conditions or treatment with immunosuppressive medications, and biological parents and siblings without MS. In the metabolomics set, the cases and controls were similar with regard to age (AE1 year), sex and race/ethnicity.
The Institutional Review Board at UCSF approved the study. Participants and their parents provided assent and informed consent.
Demographic and clinical information
For participating cases and controls, demographic data were collected at the time of enrollment, with race and ethnicity self-reported according to the USA's National Institute of Health criteria. 21 We then categorized the race/ethnicities into four groups: (1) White, non-Hispanic, (2) White, Hispanic, (3) Black, (4) others.
Clinical data (cases only) included number of relapses, follow-up time and use of disease-modifying therapies (DMTs), as well as the Expanded Disability Status Scale (EDSS) and, from 2013 onwards, the Symbol Digit Modalities Test (SDMT). The EDSS is the most widely used disability measure in MS studies; a higher score denotes more severe disability. 22 The SDMT is a measure of processing speed, one of the most-commonly affected cognitive domains in MS; lower scores indicate more impaired processing speed. 23 The EDSS and SDMT recorded at a clinic visit at the same time or after blood collection were used for analyses. Relapses were defined as new or recurrent neurological symptoms localizing to the CNS that lasted for a minimum of 24 h after a remission of at least 30 days since the previous attack in the absence of fever or infection. Only the prospectively collected relapses (i.e., those occurring after study enrollment) were included in the analyses.
Follow-up duration was calculated from the time of enrollment to the end of available follow-up. Dates of initiation and cessation of disease-modifying therapy (DMT) were recorded for all cases at enrollment and during follow-up. DMT use was reported as 'exposed versus. unexposed,' with 'exposed' defined as >50% of time on DMT during follow-up. For sensitivity analyses, we used the proportion of follow-up time on a DMT as a continuous variable in the models.
Non-targeted metabolomics analysis
Serum samples were frozen within 3 h of collection at À80°. Global untargeted metabolomics utilizing liquid/gas chromatography followed by tandem mass spectrometry was performed as previously described (Metabolon Inc., Morrisville, NC). 24, 25 Briefly, after proteins were precipitated, samples were divided in five fractions for analyses by different mass spectrometry techniques. Metabolites were identified by automated comparison of ion features in the study samples to a reference library. After quantification of peaks using area under the curve, raw values for each metabolite were normalized. Standard quality control measures were applied.
Trp metabolites identified through this method included tryptophan, kynurenine, kynurenate, N-formyl anthranilic acid, xanthurenate, picolinate, serotonin, Nformyl anthranilic acid, indole lactate, indole acetate, indole propionate and 3-indoxyl sulfate (Fig. 2) .
Targeted serum Trp measurements
Because difference in Trp levels between cases and controls was the strongest finding, targeted Trp analysis was performed in a larger group of cases and controls (TRP1 set) and was replicated in a second group of cases and controls (TRP2 set). Trp levels were measured by liquid chromatography-mass spectrometry (Metabolon Inc., Morrisville, NC). The range of quantitation was 2.00-100 lg/mL based on the analysis of 0.05 mL of serum. Calibration samples were prepared at eight different concentration levels by spiking phosphate buffered saline solution with corresponding calibration spiking solutions. Calibration samples, study samples and quality control samples were spiked with internal standard solution (Trp-D3) and were subjected to protein precipitation with an organic solvent. Following centrifugation, an aliquot of the supernatant was injected onto an Agilent 1290/AB Sciex QTrap 5500 liquid chromatography-mass spectrometry/mass spectrometry system equipped with a C18 reversed phase ultra-high-performance liquid chromatography (UHPLC) column. The mass spectrometer was operated in positive mode using electrospray ionization. The peak area of the m/z 205.1 ? 146.1 product ion of Trp was measured against the peak area of the Trp-D3 product ion of m/z 208.1 ? 146.1. Quantitation was performed using a weighted (1/x) linear least squares regression analysis generated from fortified calibration standards prepared immediately prior to each run.
Serum 25(OH)D measurements
Serum 25(OH) vitamin D (25OHD) levels were measured using chemiluminescence assay as previously described (Heartland Assays, Ames, IA).
26 25OHD levels were used to adjust analyses because they are associated with risk of MS onset and MS outcomes, such as relapse and possibly disability. 26, 27 Gut microbiome analysis Stool samples were available from 17 of the 82 cases in the discovery set. 28 We extracted and amplified DNA from stool samples and performed 16S rRNA sequencing. We then applied a validated algorithm to enable metagenomic predictions from this sequencing data, and draw inferences as to the potential functional capacity of the gut microbiota (PiCRUSt; Phylogenetic investigation of Communities by Reconstruction of Unobserved States). 29 
Statistical analysis
For untargeted metabolomics data, we normalized (log transformation) and standardized the reported metabolite abundance and then performed logistic and only in cases, negative binomial regression to analyze the association with disease odds and relapse risk, respectively. We used a linear regression model to assess the cross-sectional association between Trp metabolites and EDSS and SDMT. We adjusted all models for age, sex, race/ethnicity and serum 25OHD, and the negative binomial model for DMT use. Regression coefficients, odds ratio (OR), incident rate ratio (IRR) and corresponding P-values were reported, as appropriate. P-values <0.05 were considered statistically significant. Because of the exploratory nature of the study, correction for multiple comparisons was not performed. As we used the normalized values of relative abundance of metabolites in our statistical models, for non-targeted analyses, the point estimates should only be interpreted in relative terms.
For targeted Trp analysis, serum Trp level was included in the models as a continuous variable. The association between serum Trp level and disease risk was assessed by logistic regression models. The results in TRP1 and TRP2 datasets were pooled using fixed-effects inverse-variance meta-analyses. Negative binomial regression models were used to assess the association between serum Trp levels and relapse rate. Regression coefficient, OR, IRR, corresponding 95% confidence intervals (CIs) and P-values were reported, as appropriate.
For the PiCRUSt analysis, we specifically selected the Trp pathway and assessed its association with subsequent relapse risk using Kaplan-Meier curves, followed by a Cox model adjusted for DMT use at the time of the stool sample (exposed vs. unexposed). Analyses were performed using Stata 13.1 (StataCorp, TX) and the Statistical Package for the Social Sciences (SPSS) (IBM Corp. Version 24).
Results
Characteristics of cases and controls
Global untargeted metabolomics analysis was performed on 69 MS/CIS cases and 67 age, sex and race/ethnicity similar controls in the metabolomics set. Targeted measurements of serum Trp were done in 82 MS/CIS cases and 50 controls in the TRP1 set, and 92 MS/CIS cases and 50 controls in the TRP2 set (see Fig. 1 ). In targeted Trp datasets, the controls were significantly different to the cases on age (older), proportion female (TRP2), and race/ethnicity. Clinical and demographic characteristics of cases and controls in the non-targeted and targeted Trp analyses are summarized in Tables 1 and 2 , respectively.
Serum levels of Trp metabolites and risk of pediatric-onset MS
In the non-targeted metabolomics sample, a higher relative abundance of Trp and indole lactate in the serum were associated with lower risk of developing pediatric MS (For Trp: adjusted OR: <0.01, P-value of <0.0001; for indole lactate: adjusted OR: 0.11, P < 0.001). There were no significant associations between kynurenine, kynurenate, N-formyl anthranilic acid, xanthurenate, picolinate, serotonin, N-formyl anthranilic acid, indole acetate, indole propionate and 3-indoxyl sulfate and pediatric MS risk (Table 3) .
Because Trp had the strongest association with the risk of MS, we performed targeted measurements in two larger groups of cases and controls. In the TRP1 set, the mean (standard deviation) serum Trp level was 11.0 (2.3) mcg/mL for cases and 12.3 (2.4) mcg/mL for controls; after adjusting for age, sex, race/ethnicity and serum 25OHD levels, each additional 1 mcg/mL in serum Trp level was associated with decreased odds of MS by 20% (95% CI: 4-34%, P-value: 0.017) ( Table 4 ). In the TRP2 set, the mean (standard deviation) serum Trp level was 10.3 (2.6) mcg/mL in cases and 12.1 (2.4) mcg/mL in controls. After adjusting for age, sex, race/ethnicity and serum 25OHD levels, each additional 1 mcg/mL in serum Trp level was associated with decreased odds of MS by 32% (95% CI: 16-44%, P-value < 0.001) ( Table 4) .
Meta-analysis of TRP1 and TRP2 datasets yielded a 30% decrease in the odds of having MS (95% CI: 16-43%, P-value < 0.001) for each additional mcg/mL of serum Trp. 
Serum Trp metabolite levels and relapse rate
In the metabolomics set, a total of 110 relapses occurred in 219.7 patient-year follow-up. Relative abundance of kynurenine was positively associated with the relapse rate (IRR = 5.8, P-value = 0.003) ( Table 3) . There was no statistically significant association between other tryptophan metabolites and the relapse rate in the metabolomics set. In the TRP1 set, a total of 106 relapses occurred in 284.6 patient-years of follow-up. In the TRP2 set, a total of 214 relapses occurred in 314.7 patient-years of followup. We did not find any significant associations between serum Trp levels and risk of relapse in the TRP1 or TRP2 sets (Table 5) .
In a sensitivity analysis, using the proportion of followup time on a DMT as a continuous variable in the models did not change the results (data not shown).
Serum Trp metabolite levels, EDSS and SDMT
In the metabolomics set, the median EDSS score was 1.5 (IQR = 1-2). In multivariable models adjusted for age, sex, race/ethnicity and serum 25OHD, relative abundance of serum indole propionate was inversely associated with the EDSS score (regression coefficient = À0.40, Pvalue = 004). In the metabolomics set, 32 patients (out of 69 patients) had SDMT measured in a clinic visit at or after serum sample collection. In multivariable models adjusted for age, sex, race/ethnicity and serum 25OHD, relative abundance of serum indole propionate and indole acetate were positively associated with SDMT score (for indole propionate: regression coefficient: 4.7, Pvalue = 0.016; for indole acetate: regression coefficient: 7.8, P-value = 0.021). There was no association between serum levels of Trp or other metabolites and EDSS or SDMT scores in the metabolomics, TRP1 and TRP2 datasets (Data from the metabolomics set are shown in Table 3 ; data from TRP1 and TRP2 sets not shown).
Relative abundance of microbial genes involved in Trp catabolism and relapse risk in pediatric MS
Microbiome data were available only in 17 cases (from the TRP1 set). Cases with a lower relative abundance of microbial genes involved in Trp catabolism had a shorter time to relapse during follow-up than those with higher abundance (≤vs. > median relative abundance, log-rank test P = 0.011, Fig. 3 ). Similar findings were observed with the Cox model, with a lower abundance associated with a higher hazard of relapse (unadjusted hazard ratio (HR) = 3.1, 95% CI: 1.1-9.2, P-value = 0.036). The direction of effect remained the same when adjusting for baseline DMT exposure, although failed to reach significance in this small sample (adjusted HR = 2.9; 95% CI: 0.99-8.8, P-value = 0.053).
Discussion
Our investigation of the tryptophan pathway in pediatric MS suggests that various metabolites may contribute to distinct aspects of the disease, that is. disease onset, risk of relapse and accumulation of disability. While higher serum levels of Trp and relative abundance of indole lactate, a Trp metabolite (produced by gut microbiota and an AHR ligand) were associated with a lower risk of pediatric MS, they were not associated with MS phenotype (relapse, EDSS and SDMT). In contrast, higher abundance of other Trp metabolites (indole propionate and indole acetate) was associated with lower disability and better processing speed, but not with the risk of developing the disease. Finally, higher kynurenine levels were associated with higher relapse rate. These results are generally in line with our understanding of the effects of different tryptophan metabolites on the risk and severity of MS. 13, 14, 16 While metabolomics analyses have identified alterations in multiple metabolic processes in MS, these techniques have not been previously applied to pediatric MS and have not studied the tryptophan pathway as a whole. 30 Reduced plasma levels of Trp and some of its metabolites have been reported in adult MS patients compared to healthy subjects and dynamic modulation of some of these metabolites in the course of the disease has been described, 13, 31 but the study of Trp metabolism in the risk of MS and disease activity and severity is novel.
Reduced serum Trp and indole lactate in patients with MS compared to controls were the strongest and the most consistent findings in our study. Two processes can lead to reduced serum Trp: reduced dietary intake or intestinal absorption of tryptophan, and increased catabolism either by the gut microbiota or endogenously (such as increased utilization of tryptophan by lymphocytes). In a mouse model of uncontrolled inflammation, activated T-cells uptake and accumulate tryptophan and several other amino acids. This process leads to a systemic decrease in the serum amino acid levels and eventually, cerebral deficit in several key neurotransmitters. These metabolic alterations are associated with behavioral changes in the animals. 32 Alternatively, decreased serum Trp could be caused by alterations in human endogenous Trp metabolism (kynurenine metabolic pathway) or altered gut microbial Trp metabolism. These pathways may not only affect the risk of MS development, but also, as demonstrated in this study, may be associated with disease course.
Tryptophan metabolism through the kynurenine pathway has been associated with autoimmune and neurodegenerative diseases. 33, 34 Pro-inflammatory cytokines stimulate indoleamine 2,3-dioxygenase, the first enzyme in the kynurenine pathway. Kynurenine metabolites have pro-inflammatory, as well as, neurotoxic and neuroprotective effects, and the kynurenine pathway metabolic signature may discriminate clinical disease subtypes. 16 Here, we showed that higher relative abundance of kynurenine in the serum is associated with higher relapse rate in pediatric patients with MS. Unlike the previous report, 16 we did not find a correlation between other kynurenine pathway metabolites and the risk of developing MS or physical or cognitive disability scores in our cohorts. This discrepancy might be due to the difference in the age of participants (pediatric vs. adult) or statistical modeling (e.g. adjusting the models for potential confounders).
Our most intriguing results point to the potential role of Trp metabolism by gut microbiota in neuro-inflammation. 13 Some of the indole metabolites (such as indole lactate, indole propionate, indole-3-aldehyde and indole) produced by the action of various gut commensals on Trp are ligands or precursors of ligands of the AHR. Several of these metabolites are predominantly or exclusively produced by the gut microbiota and circulating levels are determined by the composition of the gut microbiota. 35 Activation of AHR on astrocytes and microglia controls microglial activation, modulates the transcriptional program of astrocytes 14 and dampens neuroinflammation. A Trp depleted diet worsened EAE which was reversed by Trp supplementation in a wild-type mice, while mice lacking AHR on their astrocytes did not respond to Trp supplementation. 13 Precursors of AHR agonists are produced by ampicillin-sensitive, vancomycin-resistant gut bacteria and treating late-stage EAE mice with ampicillin impairs their neurological recovery. 13 With reduced availability of dietary Trp to the gut microbiota that produce anti-inflammatory metabolites, individuals might be at higher risk of developing MS. The reduction in these anti-inflammatory Trp metabolites is not only associated with an increased risk of developing MS (indole lactate), but also with worse physical disability (indole propionate) and slower processing speed (indole propionate and indole acetate) in patients with pediatric MS. In addition, our gut microbiome functional analysis in a subgroup of patients suggested an association between shorter time to relapse and lower relative abundance of microbial genes associated with Trp catabolism (hence likely lower production of AHR agonists). These preliminary results raise the possibility that a complex interplay among Trp, gut microbiota and microbiota-derived Trp metabolites affect neuroinflammation.
Depressed levels of serum Trp may also affect metabolic pathways for serotonin, melatonin and other proteins in the brain. Melatonin has been shown to have immunomodulatory properties and was recently implicated in the development of MS. 36 While melatonin was not studied with the metabolomics platform used in our study, serotonin levels were not associated with MS risk or disease severity.
The study of young patients close to MS onset is a strength as these children have potentially fewer irrelevant environmental exposures, thereby facilitating the identification of important risk factors. Additional study strengths include stringent case ascertainment, short disease duration at the time of enrollment, prospective capture of relapses after serum and stool collection, use of both targeted and untargeted approaches to measure Trp and confirmation of findings in independent cohorts. Analyses were also adjusted for 25OHD levels and use of DMTs, both of which are associated with relapse risk, and a portion of our subjects also contributed gut metagenome data pertaining to the Trp pathway.
We acknowledge limitations of the study. Serum Trp was obtained after the onset of MS and there is a possibility that levels were affected by the disease itself, such as patients changing their diet after diagnosis. However, as patients were enrolled shortly after disease and there is no consensus about specific dietary recommendations for MS, 11 this appears unlikely. We did not have MRI data to assess the association of serum Trp with radiological disease activity. However, by measuring relapses, we assessed a clinically relevant outcome as relapses are used as the primary outcomes in trials testing promising DMTs for MS. Because of the hypothesis-based and exploratory nature of our study, we did not correct the results for multiple hypotheses testing. For the microbiome and global untargeted metabolomics studies, the number of samples analyzed was constrained by the available funding and a sample size calculation was not performed. As such, we cannot rule out that null results might be due to an inadequate sample size. The dietary intake of tryptophan was not measured in this study. Finally, the role of unmeasured or unknown confounders cannot be excluded.
Overall, our data support a role for Trp and some of its metabolites in MS risk and disease course; specifically, those that are produced by the kynurenine pathway enzymes and gut microbiota. Our findings do not support a Trp-rich diet or Trp supplementation for prevention or treatment of MS. This cannot be overemphasized considering the possible association between Trp supplements and the development of eosinophilia-myalgia syndrome. 37 Future studies with measurements of dietary Trp intake and prospective and longitudinal assessment of serum Trp metabolites measured by targeted approaches, are first needed to allow a deeper evaluation of the role of the Trp pathways in the MS course.
